Clustering of Kv1 channels at the juxtaparanodal region (JXP) in myelinated axons depends on their association with the Caspr2/TAG-1 adhesion complex. The interaction between these channels and Caspr2 was suggested to depend on PDZ (PSD-95/Discs large/zona occludens-1) scaffolding proteins. Here, we show that at a subset of the JXP, PSD-93 colocalizes with Caspr2, K ϩ channels and its related protein postsynaptic density protein-95 (PSD-95). The localization of PSD-93 and PSD-95 depends on the presence of Caspr2, as both scaffolding proteins failed to accumulate at the JXP in mice lacking either Caspr2 or TAG-1. In contrast, Caspr2 and K ϩ channels still colocalized and associated in PSD-93, PSD-95 or double PSD-93/PSD-95 null mice. To directly evaluate the role of PDZ domain proteins in the function of Caspr2, we examined the ability of transgenic Caspr2 molecules lacking either their cytoplasmic domain (Caspr2dCT), or their PDZ-binding sequence (Caspr2dPDZ), to restore Kv1 channel clustering in Caspr2 null mice. We found that while Kv1 channels were distributed throughout internodes in nerves expressing Caspr2dCT, they were clustered at the JXP in axons expressing a full-length Caspr2 (Caspr2FL) or the Caspr2dPDZ transgene. Further proteomic analysis revealed that Caspr2 interacts with a distinct set of scaffolding proteins through its PDZ-and protein 4.1-binding sequences. These results demonstrate that while the molecular assembly of the JXP requires the cytoplasmic domain of Caspr2, its carboxy-terminal PDZ-binding motif is dispensable for Kv1 channel clustering. This mechanism is clearly distinct from the one operating at the axon initial segment, which requires PSD-93 for Kv1 channel clustering.
Introduction
The precise localization of ion channels to specialized sites along dendrites and axons is crucial for nervous system function. Myelinated axons exhibit distinct membrane domains at nodes of Ranvier and the axon initial segment (AIS) (Hedstrom and Rasband, 2006; Lai and Jan, 2006) . These domains contain a unique set of protein complexes including, ion channels, cell adhesion molecules (CAMs) and cytoskeletal adapter proteins. At nodes, Na ϩ and KCNQ2 K ϩ channels are found together with ␤IV-spectrin and ankyrin G (ankG), as well as with the two Ig CAMs, NrCAM (neuron-glia-related CAM) and the 186 kDa isoform of neurofascin (NF186) Salzer, 2003) . A second domain, called the juxtaparanodal region (JXP) , is found at the end of the compact myelin internodes. At this site, Shakerlike Kv1.1 and Kv1.2 K ϩ channels are localized (Wang et al., 1993) and associated with an axonal cell adhesion complex consisting of Caspr2 and TAG-1 (Poliak et al., 1999 Traka et al., 2002 Traka et al., , 2003 . This JXP protein complex is separated from the nodal axolemma by the axoglial junction formed between the axon and the paranodal loops of oligodendrocytes and myelinating Schwann cells. In contrast to nodes and JXP, where voltagedependent Na ϩ and Kv1 channels are segregated into isolated membrane domains, these same channels partially overlap at the AIS (Hedstrom and Rasband, 2006; Inda et al., 2006) . The AIS also contains all the other known nodal components: ␤IV-spectrin (Berghs et al., 2000) , ankG (Kordeli et al., 1995) , KCNQ2 (Pan et al., 2006) , the two axonodal CAMs (Davis et al., 1996) , as well as the JXP components Kv1.2 and Caspr2 (Inda et al., 2006) . Notably, despite their similar molecular organization, the mechanisms by which nodes and the AIS are formed appear to be distinct: while node formation requires myelination, the AIS is intrinsically organized by the neuron (Dzhashiashvili et al., 2007; Yang et al., 2007) .
The localization of K ϩ channels at the JXP requires axon-glia contact and involves two distinct mechanisms. First, it depends on a membrane barrier located at the paranodal junction (PNJ), which forms a gap between Kv1 channels and nodes of Ranvier. Disruption of the PNJ in several mutant mice (i.e., Caspr-, contactin-or cgt-null mice) results in the aberrant accumulation of Kv1 channels immediately adjacent to the nodes (Dupree et al., 1999; Bhat et al., 2001 ; Boyle et al., 2001; Poliak et al., 2001 ). Second, the Caspr2/TAG-1 adhesion complex functions to retain these channels at the JXP Traka et al., 2003) . Previous studies suggested that the association between this CAM complex and Kv1 channels occurs indirectly through a PDZ (PSD-95/Discs large/zona occludens-1) domain-containing scaffolding protein which simultaneously binds to the carboxyterminal tail of Caspr2 and the ␣ subunit of Kv1 channels (Kim et al., 1995; Poliak et al., 1999) . To date, only one such PDZ domain-containing scaffolding protein, postsynaptic density protein-95 (PSD-95), was detected at the JXP (Baba et al., 1999) . However, subsequent studies demonstrated that this protein is not required for the clustering of Kv1 channels at this site (Rasband et al., 2002) . Here, we use an in vivo knockout/rescue approach to elucidate the role of PDZ domain-containing proteins in the molecular assembly of the JXP.
Materials and Methods
Constructs and mice. Hemagglutinin (HA)-tagged constructs were all generated from human Caspr2 cDNA using PCR and standard cloning procedures: Caspr2-full-length-HA (C2FL), Caspr2dCT (C2dCT, deletion of the entire cytoplasmic tail from Y1285 and downstream) and Caspr2dPDZ (C2dPDZ, deletion of carboxy-terminal last four amino acids EWLI). In all constructs, the HA tag (amino acids YPYDVPDYAS) was inserted adjacent to the transmembrane domain between positions N1255-G1256. The modified cDNAs were cloned into a Thy1.2 expression cassette (Gollan et al., 2002) , linearized, and introduced by pronuclear injection into fertilized eggs derived from CB6F1 mice. Pseudopregnant CD-1 outbred albino females were used as foster mothers for embryo transfer. Founder mice were genotyped by PCR using primers 5Ј-GCGTAGTCAGGCACATCGTATGGG-3Ј and 5Ј-GCGTAGTC-AGGCACATCGTATGGG-3Ј. Founders were further crossed with CB6F1 mice and interbred to generate lines. Transgenic mice were routinely identified by PCR of tail genomic DNA, using the appropriate primers derived from human Caspr2 and HA-tag. The same primers were also used for RT-PCR analyses of RNA prepared from transgenicmice brains and dorsal root ganglia (DRG). Based on immunoprecipitation performed from brains of transgenic mice, two lines from each genotype were chosen and further crossed with Caspr2-null mice . Generation and genotyping of Caspr2 Ϫ/Ϫ , PSD-93 Ϫ/Ϫ , TAG-1 Ϫ/Ϫ and PSD-95-deletion mutant mice have been described previously (Migaud et al., 1998; McGee et al., 2001; Rasband et al., 2002; . Control animals were derived from the same litters. All experiments were performed in compliance with the relevant laws and institutional guidelines and were approved by the Weizmann Institute's Institutional Animal Care and Use Committee. Myc-tag constructs: full-length MPP2 amplified from rat brain cDNA was cloned in frame with an N-terminal Myc tag; Myc-tagged MPP6/Pals2, MPP7 and 4.1B were previously described (Kamberov et al., 2000; Gollan et al., 2002; Stucke et al., 2007) .
Antibodies. Rabbit anti-Chapsyn 110 (PSD-93) antibodies were purchased from Alomone Labs and Millipore. Antibodies P6061 and P4344 directed to the intracellular region of Caspr or Caspr2, respectively, monoclonal antibody M275 directed against the extracellular domain of Caspr, as well as mouse serum that recognizes the extracellular region of Caspr2 have been previously described (Peles et al., 1997; Poliak et al., 1999 . Antibodies against Gliomedin, Na ϩ channels, Kv1.2, Kv2.1, TAG-1 and PSD-95 have been described previously (Dodd et al., 1988; Bekele-Arcuri et al., 1996; Rasband et al., 1999 Rasband et al., , 2002 Eshed et al., 2005) . Anti-HA clone HA-7 was purchased from Sigma. Rat anti-Caspr serum was generated by immunizing rats with a GST fusion protein composed of the entire cytoplasmic domain of Caspr. For triple labeling, rabbit antibodies to PSD93 (see Fig. 1 ), PSD95 or TAG1 (see Fig. 2 ), Kv1.2 (see Fig. 3 ), were used together with a mouse monoclonal antibody to Na ϩ channels and a rat polyclonal antibody to Caspr (see Figs. 1, 2) . Labeling of Caspr2 transgenes was done using a mouse polyclonal serum against the extracellular domain of Caspr2, together with a rat polyclonal serum to Caspr and polyclonal rabbit antibodies to gliomedin (see Fig. 6 ), Kv1.2, TAG1 or PSD93 (see Fig. 7 ). Specificity and immunoreactivity of the antibodies to PSD-93, PSD-95, SAP97 and PSD-102 was determine using HEK-293 cells transfected with the relevant cDNAs, as well as by staining nerves isolated from mice lacking PSD-93, PSD-95, or both genes.
Surface labeling, immunoprecipitation and immunoblot analysis. Coimmunoprecipitation experiments were performed using brain membranes prepared from wild-type, Caspr2
Ϫ/Ϫ /PSD-95 Ϫ/Ϫ animals. Whole brains were homogenized in a buffer containing 20 mM HEPES, pH 7.4, 0.32 M sucrose, 1 mM EGTA, 1.5 mM MgSO 4 10 g/ml aprotinin and leupeptin, and 1 mM phenylmethyl sulfonyl fluoride. Nuclei and heavy cell debris were removed by low-speed centrifugation (1000 ϫ g) for 10 min, and the supernatant was subjected to high-speed centrifugation (40,000 ϫ g) for 60 min. Membrane solubilization, immunoprecipitation, and immunoblots were conducted as described previously (Poliak et al., 1999) . Cell surface biotinylation of HEK-293 transfected cells was performed as described (Gollan et al., 2003) .
Immunofluorescence. Sciatic nerves were dissected and immersed in Zamboni's fixative for 10 min. In some cases, nerves were fixed in icecold 4% paraformaldehyde for 30 min. After desheathing, nerves were teased on Super-Frost Plus slides, dried for 2 h, and frozen at Ϫ20°C until used. Preparation and staining of optic nerve sections have been previously described (Poliak et al., 1999) . The preparations were postfixed/ permeabilized in methanol at Ϫ20°C for 10 min. Slides were washed and blocked for 1 h with blocking buffer (PBS containing 10% normal goat serum, 0.1% Triton X-100, and 1% glycine). The samples were incubated overnight at 4°C with the different primary antibodies described above diluted in blocking solution. Slides were washed three times for 5 min in PBS and incubated for 1 h with secondary antibodies: anti mouse-Cy3 or biotinylated anti-rabbit (Jackson Immuno Research). The latter was washed in PBS and reacted with streptavidin-Alexa-488 (Invitrogen) for 45 min and was further processed as described previously (Poliak et al., 1999) . Cos-7 cells seeded on glass slides were transfected using Lipofectamine plus reagent (Invitrogen). Forty-eight hours later, cells were washed with PBS and fixed in 4% paraformaldehyde for 15 min at room temperature. After washing with PBS, the cells were incubated in blocking buffer either with or without 0.1% Triton X-100 for 30 min at ambient temperature. Primary antibodies were diluted in blocking buffer and incubated for 2 h. Following three washes with PBS, slides were incubated with secondary antibodies for 45 min in DAPI-containing blocking buffer, and subsequently washed with PBS and mounted in elvanol. Images were acquired using Open Lab software (Improvision) with a cooled ORCA-ER camera (Hamamatsu) attached to a Nikon TE-1000 microscope.
Mass spectrometric analysis. Rat brain membrane lysates were mixed with GST-fusion proteins coupled to glutathione beads for 12 h at 4°C. Beads were washed with a buffer containing 0.15% sucrose monolaurate and separated on 4 -12% gradient gel. The proteins in the gel were reduced (10 mM dithiothreitol), modified with 40 mM iodoacetamide and trypsinized (modified trypsin; Promega) at a 1:100 enzyme-to-substrate ratio. The resulting tryptic peptides were resolved by reverse-phase chromatography on 0.075 ϫ 200 mm fused silica capillaries (J&W) packed with Reprosil reversed phase material (Dr Maisch GmbH). The peptides were eluted with linear 95 min gradients of 7-40% and 25 min at 95% acetonitrile with 0.1% formic acid in water at flow rates of 0.25 l/min. Mass spectrometry was performed by an ion-trap mass spectrometer (Orbitrap, Thermo) in a positive mode using repetitively full MS scan followed by collision induced dissociation of the seven most dominant ions selected from the first MS scan. The mass spectrometry data were clustered and analyzed using the Sequest software (ThermoFisher) and Pep-Miner (Beer et al., 2004) searching against the vertebrate part of the NR-NCBI database.
Results

PSD-93 is a juxtaparanodal component
The PSD-95 family of PDZ scaffold proteins is thought to regulate K ϩ channel targeting and membrane anchoring (Lai and Jan, 2006) . This subgroup of membrane-associated guanylate kinase (MAGUK) contains four members (PSD-95/SAP90, PSD-93/ chapsyn-110, SAP102 and SAP97) (Kim and Sheng, 2004) , of which only PSD-95 was previously found at the JXP (Baba et al., 1999; Rasband et al., 2002) . To determine the localization of the other PSD-MAGUKs along myelinated axons, we examined their distribution in rat sciatic nerve (Fig. 1 ). Double labeling, using antibodies to individual PSD-MAGUKs and to Na ϩ channels (to mark the nodes), or Caspr (to mark the PNJ), revealed a clear accumulation of PSD-93 and PSD-95, but not of SAP97 or SAP-102 at the JXP ( Fig. 1 A-D) (32% of nodes examined; n Ͼ300 sites). To examine whether the partial appearance of PSD-93 in the JXP in sciatic nerve is due to its differential expression in a subset of axons, we immunolabeled dorsal and ventral roots (Fig. 1 E) . We found a profound difference between sensory and motor axons: in the dorsal root, 100% (n ϭ 300) of Kv1.2-labeled JXPs had PSD-93, while in the ventral root PSD-93 immunoreactivity was weaker and was detected in only 7% (n ϭ 312) of the Kv1.2 labeled JXP. At PSD-93-positive JXP, it was colocalized with Kv1.2, Caspr2 and PSD-95 ( Fig. 1 F-H ). Strong PSD-93 immunolabeling was also detected at the JXP in sciatic nerve obtained from wildtype mice (Fig. 1 I) . Juxtaparanodal immunoreactivity of PSD-93 was never detected in sciatic nerves obtained from PSD-93-null mice (n Ͼ 200 nodes) (McGee et al., 2001) , although in these nerves Na ϩ channels and Caspr clustered normally at nodes and paranodes, respectively ( Fig. 1 J) . Previous studies have shown that in the absence of an intact paranodal axoglial junction in the PNS, JXP proteins are found at the paranodes (Dupree et al., 1999; Bhat et al., 2001; Boyle et al., 2001; Poliak et al., 2001; Traka et al., 2002) . In line with these observations, when detected, PSD-93 was always concentrated near the nodes of Ranvier (n ϭ 100 sites) instead of the JXP in sciatic nerves obtained from Caspr Ϫ/Ϫ mice, which lacks the paranodal junction (Bhat et al., 2001; Gollan et al., 2003) (Fig. 1 K) . These results identify PSD-93 as a novel component of a subset of the JXPs.
Juxtaparanodal accumulation of PSD-93 requires Caspr2 and TAG-1
Previous studies demonstrated that in the absence of Caspr2 or TAG-1, Kv1 channels disperse from the JXP and were located along the internodes Traka et al., 2003) . To determine whether the accumulation of PSD-93 and PSD-95 at the JXP depends on the formation of the Caspr2/TAG-1 adhesion complex, we compared the distribution of these PSDMAGUKs in sciatic nerves isolated from wild-type mice to those isolated from mice lacking either Caspr2 or TAG1 genes. To enable the identification of the juxtaparanodal area in these mutants, we marked the adjacent PNJ using an antibody against Caspr. In support of our previous observations , Caspr2 and TAG-1 were found at the JXP in wild type, but not in Caspr2 Ϫ/ Ϫ or TAG1 Ϫ/ Ϫ nerves ( Fig. 2 A-F ) . Immunofluorescence labeling, using specific antibodies to PSD-93 and PSD-95, revealed that while both proteins were detected at the JXP in wild-type nerves, they were absent from this site in nerves isolated from either Caspr2 Ϫ/ Ϫ or TAG1 Ϫ/ Ϫ animals ( Fig. 2G-L) . These results indicate that the accumulation of PSD-93 and PSD-95 at the JXP requires Caspr2 and TAG-1.
Kv1 channels colocalize and associate with Caspr2 in mice lacking PSD-93 and PSD-95
To determine whether PSD-93 plays a role in the membrane clustering of Caspr2 and Kv1 channels at the JXP, we examined the distribution of Kv1.2 in sciatic and optic nerves isolated from wild-type and PSD-93 Ϫ/ Ϫ mice (McGee et al., 2001) . As depicted in Figure 3 (wild type: A, E and PSD93 Ϫ/ Ϫ : B, F ), nerves isolated from both genotypes showed normal appearance of the node and its associated domains i.e., clustering of Na ϩ channels at nodes, Caspr at paranodes and Kv1.2 and Caspr2 at the JXP. In line with our previous observations (Rasband et al., 2002) , Kv1.2 and Caspr2 were located at the JXP in mice lacking PSD-95 (Fig.  3C,G) . As the two closely related MAGUKs colocalized at the JXP and might functionally compensate for each other, we generated mice lacking both PSD-93 and PSD-95. Concurring with a recent report (Elias et al., 2006) , double PSD-93
Ϫ/ Ϫ animals clearly showed an abnormal phenotype when compared with the single mutants or to their heterozygous littermate controls. They were smaller in size, exhibited wide-based gate and reduced locomotor activity, and usually died by 3 weeks of age (data not shown). Immunofluorescence labeling of teased sciatic nerves and frozen optic nerve sections obtained from the double Ϫ/Ϫ /PSD-95 Ϫ/Ϫ mutant mice showed that Na ϩ channels were concentrated at the nodes, Caspr at the PNJ and Kv1.2 at the JXP in a manner that was indistinguishable from wild-type mice (Fig. 3 D, H ) . Similar to the wild-type sciatic nerves, Kv1.2 was concentrated in Ͼ80% of JXPs in mice lacking PSD93, PSD95, or both proteins (n ϭ 150 nodal sites examined for each genotype). SAP-97 and SAP-102 were not detected in sciatic nerves of double PSD-93
Ϫ/ Ϫ animals, indicating that there was no upregulation of other PSD-MAGUKs at the JXP (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) These results demonstrate that the clustering of Kv1 channels at the JXP axolemma occurs in the absence of both PSD-93 and PSD-95. They further suggest that these two PSD-MAGUK proteins do not mediate the interaction between Kv1 channels and Caspr2. To directly test whether this is the case, we immunoprecipitated Kv1.2 from brain membrane lysates prepared from wild-type, single, or double PSD-93
Ϫ/ Ϫ mice, followed by immunoblot analysis with an antibody to Caspr2 (Fig. 3I) . Antibodies to Kv2.1 and Caspr2 were used as negative and positive controls, respectively. As an additional control for specificity, brains isolated from Caspr2 Ϫ/ Ϫ mice were also used. We found that Caspr2 coimmunoprecipitated with Kv1.2, but not with Kv2.1, in brains isolated from all genotypes except from Caspr2 Ϫ/ Ϫ mice. This result conclusively demonstrates that neither PSD-93 nor PSD-95 is required for the interaction between Kv1 channels and Caspr2.
Generation of transgenic mice expressing deletion mutants of Caspr2 in neurons
The cytoplasmic domain of Caspr2 contains a PDZ domainbinding sequence (EWLI) at its carboxy terminus that could me- diate its association with K ϩ channels (Poliak et al., 1999; Spiegel et al., 2002) . The observation that the two MAGUK scaffold proteins present at the JXP are dispensable for the clustering of K ϩ channels at this site, prompted us to directly examine whether the ability of Caspr2 to interact with PDZ domains is required for its association with Kv1 channels and the molecular assembly of the JXP. We therefore constructed a deletion mutant of Caspr2 lacking its PDZ-binding motif (C2dPDZ) (Fig. 4 A) , and tested whether it could restore JXP clustering of Kv1 channels when placed on the genetic background of Caspr2 null mice. As controls, we used a full-length Caspr2 cDNA (C2FL), as well as a deletion mutant lacking its entire cytoplasmic tail (C2dCT). All constructs also contained a HA tag at their extracellular domain (Fig. 5A) . When transfected into HEK-293 cells, all three constructs were efficiently expressed on the cell surface, as was evident by surface biotinylation, followed by immunoprecipitation with an antibody to the HA-tag and blotting with streptavidin-HRP (Fig. 4 B) . A similar conclusion was made based on the ability of an antibody directed to the extracellular region of Caspr2 to recognize all three constructs in intact, nonpermeabilized cells (Fig. 4C) .
To express Caspr2 transgenes in CNS neurons and in longprojecting neurons in the PNS, they were placed under a Thy1.2 promoter (Caroni, 1997; Feng et al., 2000) . Transgenic mice expressing each of the three transgenes were generated by pronuclear injection, and then crossed with mice lacking Caspr2, to obtain Caspr2
/dPDZ and Caspr2
Ϫ/ Ϫ /dCT lines (collectively referred to here as Caspr2 Ϫ/ Ϫ /tg). PCR analysis of genomic tail DNA using primer sets specific for the transgenes or the endogenous Caspr2, confirmed that similar to Caspr2 nulls, the newly generated transgenic lines lacked the first coding exon of the Caspr2 gene (Fig. 5A) . Transcripts of C2FL, C2dPDZ and C2dCT, but not of endogenous Caspr2, were detected in sensory neurons by RT-PCR using mRNA isolated from DRGs (Fig. 5B) . We subsequently subjected brain membrane lysates prepared from the three Caspr2 Ϫ/ Ϫ /tg lines to immunoprecipitation with antibodies that recognize the HA-tag or the cytoplasmic domain of Caspr2. Western blot analysis was then performed with antibodies to the HA-tag, the cytoplasmic domain or the extracellular domain of Caspr2. As depicted in Figure 5C , the expression of Caspr2 transgenes could be detected using an HA tag antibody, as well as an antibody directed against the extracel- From one brain that was used for each set of immunoprecipitation, 45% of the lysate was used for Kv1.2 and Kv2.1, whereas 10% was used for Caspr2. Protein complexes were resolved on SDS-gel and blotted with an antibody to Caspr2. The location of molecular mass markers is shown on the left in KDa. lular domain, whereas an antibody against the intracellular region of Caspr2, only recognized C2FL and C2dPDZ but did not recognize C2dCT. In contrast to wild-type mice, no expression of the endogenous Caspr2 protein was detected in either Caspr2 Ϫ/ Ϫ or in the Caspr2 Ϫ/ Ϫ /tg lines, further demonstrating that the transgenes were expressed on a Caspr2 null background.
Rescue of the juxtaparanodal complex by Caspr2 lacking the PDZ-binding motif
To examine whether Caspr2 transgenes associate with Kv1 channels, we immunoprecipitated Kv1.2 from brain lysates prepared from Caspr2 Ϫ/ Ϫ and Caspr2
/tg lines, and analyzed the precipitated protein complexes by Western blot using an antibody to A, Genomic PCR analysis. Tail DNA isolated from the animals indicated was used as a template for PCR using primer sets that recognize the transgene (tg), ceramide galactosyltransferase (Cgt), Caspr2 or neomycin (Neo). B, Expression of transgenic transcripts in DRG neurons. mRNA isolated from DRGs from the animals indicated were used as a template for RT-PCR using primer sets that recognize the transgene (tg), Caspr2 or GAPDH as a control. C, Expression of Caspr2 transgenes. Brain lysates were prepared from wild-type mice (WT), mice lacking Caspr2 (KO), or the indicated Caspr2 transgenic expressed on the Caspr2 null background. Immunoprecipitation (IP) was performed using an antibody to HA-tag (HA) or to the cytoplasmic domain of Caspr2 (CT), followed by immunoblotting with antibodies to HA-tag, the cytoplasmic domain (Caspr2-CT) or the extracellular domain (Caspr2-ECD) of Caspr2 as indicated below each panel. D, Association of Caspr2 transgenes with K ϩ channels. Brain membrane lysates prepared from the mice lines indicated were subjected to IP with antibodies to HA-tag (HA), Kv1.2 or Kv2.1, followed by immunoblotting with an antibody to HA-tag. E, Localization of Caspr2 transgenes in sciatic nerve. Teased sciatic nerve fibers isolated from the indicated mouse lines were immunolabeled using an antibody to gliomedin (Gldn; red) to label the nodes, Caspr (blue) to label the paranodal junction, and an antibody that recognizes the extracellular domain of Caspr2 (ECD; green). Scale bar, 10 m.
the HA-tag (Fig. 5D) . We found that the C2FL, as well as the Caspr2 mutant lacking its PDZ-binding sequence (C2dPDZ) coimmunoprecipitated with Kv1.2. We estimated that Ͻ5% of the total Kv1.2 associated with C2FL and C2dPDZ, a similar ratio to the one reported for the association between the endogenous Caspr2 and this channel in wild-type animals (Poliak et al., 1999) . In contrast, association between Kv1.2 and C2dCT was not detected, indicating that the cytoplasmic region of Caspr2 mediates its interaction with Kv1 channels. In agreement with previous observations (Poliak et al., 1999) , no association was detected between Caspr2 transgenes and Kv2.1.
We then examined the localization of Caspr2 transgenes along the sciatic nerve. Immunolabeling of teased fiber preparations using antibodies to Na channels, Caspr and Caspr2, revealed that C2FL and C2dPDZ were concentrated at the JXP (Fig. 5E ). As expected, these transgenes were found only in some of the axons due to the variable activity of the Thy1 promoter in a subset of DRG neurons (Feng et al., 2000; Gollan et al., 2002) . The Caspr2 mutant lacking its entire cytoplasmic domain (C2dCT) was absent from the JXP although its transcript was detected in the DRG cell bodies (Fig. 5 A, E) . Furthermore, in contrast to Caspr2 Ϫ/Ϫ nerves, weak immunoreactivity of C2dCT was detected along the internodes, indicating that it was transported to the axon. This conclusion was further supported by the observation that C2dCT was detected in sciatic nerve lysates by Western blots using an antibody to Caspr2 (data not shown).
Last, we examined whether the different Caspr2 transgenes could rescue the juxtaparanodal phenotype of Caspr2 Ϫ/ Ϫ mice. We immunolabeled teased sciatic nerves isolated from wild type, Caspr2 Ϫ/ Ϫ , or the three transgenic lines using antibodies to Kv1.2, TAG-1 and PSD-93 (Fig. 6) . We found that Kv1.2, TAG-1 and PSD-93 were clustered at the JXP in wild type, Caspr2 Ϫ/ Ϫ /FL and Caspr2
/dCT mice. JXP clustering of Kv1.2, TAG-1 and PSD-93 was only detected at sites that also contained the Caspr2 transgene (i.e., C2FL and C2dPDZ). A rescue of JXP clustering was found in spinal cords isolated from the different genotypes (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Together, these results demonstrate that the intracellular region of Caspr2 is essential for its association with Kv1 channels, as well as for its targeting and assembly of the JXP complex. Surprisingly, channel association, axonal targeting and JXP formation do not require the PDZ-binding motif of Caspr2.
Association of Caspr2 with scaffolding proteins requires its PDZ and 4.1-binding motifs
To search for scaffolding proteins that may be part of the Caspr2/K ϩ channel protein complex, we used a GST-fusion protein containing the cytoplasmic domain of Caspr2 to pull-down proteins capable of interacting with Caspr2 from rat brain lysate. Mass spectrometric analysis of the obtained complexes revealed that MUPP1, CASK, SAP97, and several members of the MPP family of MAGUKs were associated with Caspr2 (Fig. 7A) . RT-PCR analysis of mRNA isolated from cultured DRG neurons or Schwann cells, demonstrated that MPP2, MPP3, MPP6 and to a lesser extent MPP7, are expressed by sensory neurons. To determine whether Caspr2 interacts with MPPs, as well as to identify the domains in Caspr2 that is required for such interaction, we examined whether GST-fusion proteins containing the cytoplasmic domain of Caspr2 (Fig. 7C ) (GST-C2CT), a cytoplasmic domain lacking the PDZ-binding sequence (GST-C2dPDZ), or a cytoplasmic domain lacking its juxtamembrane protein-4.1-binding motif (GST-C2d4.1), could pull down myc-tagged MPPs from transfected HEK-293 cells. As depicted in Figure 7D , all the three MPPs examined, and the related protein CASK, but not SAP97, bound to the cytoplasmic domain of Caspr2 but not to the Caspr2 mutant lacking its carboxy terminus PDZ-binding sequence. However, in contrast to the interaction with MPP7 and CASK, which only required the PDZ-binding sequence of Caspr2, the association between Caspr2 and MPP2 or MPP6 was also dependent on the presence of its juxtamembrane protein 4.1-binding motif. These results suggest that high affinity interaction of MPP2 or MPP6 with Caspr2 may require simultaneous binding of protein 4.1, a manner analogous to the cooperative binding of MPP1/(p55) and protein 4.1R to glycophorin-C in erythrocytes (Nunomura et al., 2000) . Furthermore, in contrast to GST-C2CT and GST-C2dPDZ, GST-C2d4.1 was unable to pull down Kv1.2 from rat brain lysate, indicating that the interaction of Caspr2 with 4.1 proteins may be required for its function in K ϩ channel clustering and the assembly of the JXP (Fig. 7D, bottom) .
Discussion
The precise distribution of receptors and ion channels in neurons is essential for the generation and propagation of action potentials and for synaptic transmission (Lai and Jan, 2006) . In myelinated axons, K ϩ channels with distinct biophysical characteristics are differentially located at specific membrane domains, namely the axon initial segment, the nodes of Ranvier and the JXP (Hedstrom and . The accumulation of Kv1 channels at the JXP requires a cell adhesion complex consisting of Caspr2 and TAG-1 Traka et al., 2003) . In this study, we show that PSD-93/chapsyn-110 (Kim et al., 1996) , a PSD-95 re- lated MAGUK is concentrated in a subset of the JXP in both the PNS and CNS. We found that in the absence of Caspr2 or TAG-1, PSD-93 no longer accumulates at the JXP, indicating that it is part of the juxtaparanodal complex. Consistently, PSD-93 is abnormally located with other JXP proteins adjacent to the nodes in peripheral axons of Caspr null mice, which lack a normal paranodal junction. To directly examine whether PSD-93 and PSD-95 function similarly in the clustering of Kv1 channels at the JXP, we have analyzed the nodal environ in sciatic and optic nerves isolated from mice lacking both of these genes. We found that despite the absence of PSD-95 and PSD-93, Kv1 channels, as well as Caspr2 and Tag-1 were normally localized at the JXP. It should be noted that there was no increase in the expression of other MAGUKs such as SAP97 and SAP102, both of which could functionally compensate for the loss of PSD-93 and PSD-95 (Elias et al., 2006) . Hence, our results indicate that in contrast to glutamatergic synapses, PSD MAGUKs are not required for the targeting and clustering of Kv1 channels at the JXP. We have previously found that Caspr2 coimmunoprecipitated with Kv1.1, Kv1.2 and their Kv␤ subunit from rat brain, indicating that it is found in a protein complex containing these channels (Poliak et al., 1999) . This complex was also isolated from brain membrane lysates using a short peptide from the cytoplasmic domain of Caspr2 or Kv1.2 that contained their carboxy-terminal PDZ domain-binding sequence. In contrast, the association between Caspr2 and Kv1 channels was not observed when these proteins were coexpressed in transfected cells, suggesting that the formation of the juxtaparanodal Caspr2/Kv channels complex is likely to be mediated by a PDZ domaincontaining linker protein Schafer and Rasband, 2006) . Notably, although the accumulation of PSD-93 and PSD-95 at the JXP depends on the presence of the Caspr2/ TAG-1 adhesion complex, Caspr2 was still associated with Kv1 channels in mice lacking both MAGUKs, indicating that they are not solely mediating this interaction. To further determine the requirement of PDZ containing proteins in the function of Caspr2 at the JXP, we used transgenic mutant forms of Caspr2 expressed on the background of Caspr2 null mice. While a fulllength Caspr2 transgene was localized at the JXP, a Caspr2 mutant lacking its cytoplasmic domain (Caspr2dCT) was distributed along the internodes, indicating that the intracellular region of Caspr2 is required for its targeting to the JXP. Caspr2dCT also did not associate with Kv1 channels, indicating that the interaction between Caspr2 and these channels is mediated by sequences present in its cytoplasmic domain. Surprisingly, a Caspr2 mutant lacking its PDZ domain-binding sequence (Caspr2dPDZ) was properly clustered at the JXP. Similar to the full-length Caspr2, Caspr2dPDZ transgene was associated with Kv1 channels and induced their clustering at the JXP. These results demonstrate that although the association between Caspr2 and Kv1 channels requires its cytoplasmic domain, it is mediated by sequences other than the carboxy-terminal PDZ-binding motif. This conclusion is further supported by the observation that a GST-fusion protein containing the cytoplasmic domain of Caspr2 lacking its 4.1-binding sequence was unable to pull down Kv1.2 from rat brain homogenate.
Using a proteomic approach, we identified several scaffolding proteins that interact directly (i.e., MPPs and CASK), or indirectly (i.e., SAP97), with the cytoplasmic domain of Caspr2. Of particular interest is the identification of members of the MPPs, a family of MAGUKs that contain several protein-protein interaction domains (PDZ, L27, SH3, guanylate kinase, and a protein 4.1-binding motif) (Kamberov et al., 2000; Wu et al., 2007) , which enable these proteins to form large protein complexes containing synaptic MAGUKs (Karnak et al., 2002; Jing-Ping et al., 2005) , and ion channels (Leonoudakis et al., 2004) . Furthermore, MPP2 and MPP6 belong to a subgroup of the MPPs that also contain Varicose, a scaffolding protein that interacts with Neurexin IV, the Drosophila homolog of Caspr and Caspr2 (Wu et al., 2007) . We showed that the association of Caspr2 with MPP2 and MPP6 requires both its PDZ-and 4.1-binding sequence. In contrast, we found that the ability of the cytoplasmic domain of Caspr2 to pull-down Kv1 channel was dependent on the presence of its 4.1-binding and not on its carboxy-terminal sequence that binds PDZ domains. The latter result is consistent with the rescue experiments in the Caspr2 Ϫ/Ϫ mice, which also showed that the PDZ-binding sequence of Caspr2 is not required for Kv1.2 association or clustering. Thus, these results indicate that protein 4.1, or a related protein plays an important role in the association of Caspr2 with Kv1 channels and their clustering at the JXP. What could be the role of MPPS in myelinated axons? The requirement of both the 4.1 and PDZ-binding sequences in Caspr2 for its association with MPP2 and MPP6 may suggest that high affinity interaction between these MAGUKs and Caspr2 depend on the formation of a ternary complex with protein 4.1. Such cooperative binding was demonstrated for MPP1 (p55) and protein 4.1R to the cytoplasmic domain of glycophorin C, which bears high sequence similarity with Caspr2 (Nunomura et al., 2000) . By analogy, the binding of protein 4.1 to Caspr2 would allow the recruitment of MAGUK scaffolds even in the absence of direct interaction between the carboxy-terminal tail of Caspr2 and PDZ domains. This possibility is supported by the observation that MPP proteins contain a specific binding sequence for 4.1 proteins upstream from their PDZ domain (Kamberov et al., 2000) . In myelinated axons, a likely candidate to mediate such a cooperative interaction is protein 4.1B, a cytoskeletal linker that interacts with Caspr proteins and is found at the PNJ and JXP (Ohara et al., 2000; Poliak et al., 2001; Denisenko-Nehrbass et al., 2003) . Future studies using specific antibodies to MPPs will be required to determine whether these MAGUKs cooperate with protein 4.1B in the assembly of the Caspr2/K ϩ channels complex at the JXP. Recent data revealed that the molecular composition of nodes and JXP are remarkably similar to that of the AIS (Hedstrom and Rasband, 2006) . The AIS is enriched in nodal Nav and KCNQ2/3 channels that are localized with adhesion molecules such as neurofascin and the cytoskeletal adaptor proteins ankyrin G (ankG) and ␤IV spectrin. The AIS also contain several JXP components including, Kv1 channels (Inda et al., 2006; Kuba et al., 2006; Kole et al., 2007; Van Wart et al., 2007) and Caspr2 (Inda et al., 2006) . However, despite this molecular similarity, there are fundamental differences in the mechanisms that control ion channel distribution at the nodes of Ranvier and the AIS. These differences result from the strict requirement of glial contact for nodal clustering , compared with the role of intrinsic axonal factors necessary for AIS formation (Hedstrom and Rasband, 2006) . For example, while clustering of Na channels at nodes requires neurofascin (Sherman et al., 2005) , the localization of these channels, as well as of ␤IV spectrin at the AIS does not require neurofascin and is strictly dependent on ankG (Garrido et al., 2003; Pan et al., 2006; Dzhashiashvili et al., 2007; Hedstrom et al., 2007; Yang et al., 2007) . At the JXP, clustering of Kv1 channels requires axon-glia interaction mediated by the Caspr2/TAG-1 adhesion complex, but not PSD MAGUKs. In contrast, we recently showed that clustering of Kv1 channels at the AIS depends on the presence of PSD-93 but not on Caspr2 (Ogawa et al., 2008) . Together, these results demonstrate that despite similar protein components, two distinct mechanisms are responsible for the molecular assembly of the JXP and the AIS.
